Introduction
Antigen B (AgB), the major antigen of Echinococcus granulosus, which causes the cystic hydatid disease, is a 120-160 kDa lipoprotein composed of heterogeneous multimers of 8-kDa subunits encoded by a multigene family. Four AgB genes have been characterized, AgB1, AgB2, AgB3 and AgB4 (Shepherd et al., 1991; Fernández et al., 1996; Chemale et al., 2001; Arend et al., 2004) , each encoding a related, but distinct AgB subunit. However, genomic Southern blots suggest that the gene family should include at least seven genes . The native lipoprotein amounts to a large fraction of the metacestode cyst fluid, and its capacity of modulating the host immune response suggests that it may play a relevant role in the host/parasite interaction. Furthermore, since parasites are unable to synthesize most of their own lipids, these molecules must be taken from the host.
Helminth lipid-binding proteins (LBPs) are frequently small and rich in alpha helices, and are essential for the uptake and transport of fatty acids, which are nutrients and structural components of the cell membrane. Parasite LBPs may also be involved in host invasion (McKerrow and Salter, 2002) and parasite evasion from host immune responses (Furlong and Caulfield, 1989) and pathogenicity (Bradley et al., 2001) . The Echinococcus AgB is predicted to be alpha helix-rich (González-Sapienza and Cachau, 2003) , but its binding properties to hydrophobic compounds and its polymeric nature suggest a distinct biological role in relation to the parasite LBPs www.elsevier.com/locate/meegid Infection, Genetics and Evolution 6 (2006) [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] characterized so far. Chemale et al. (2005) suggest that AgB could be involved in detoxifying mechanisms, sequestering and buffering xenobiotics, since it does not release lipids in competition assays, and therefore, does not seem to direct fatty acid metabolic pathways.
AgB seems to be involved in the evasion of host immune responses, as indicated by its ability to inhibit polymorphonuclear cell recruitment (Shepherd et al., 1991; Riganò et al., 2001) . Studying the immunological profile of human patients with different stages of hydatid disease, it has been shown that parasite survival is always associated with a Th2 lymphocyte polarization in its host, which is induced by AgB (Riganò et al., 2001; Riganò et al., 2004) . It is possible that the protein has a critical role in the parasite establishment during the early stages of infection, since AgB starts to be recognized by specific antibodies as early as 5 weeks post infection in experimental infected mice (Zhang et al., 2003) . In human infections, AgB is highly immunogenic, leading to its use as a diagnostic tool. Indeed, AgB has the highest diagnostic potential among the major E. granulosus antigens, and synthetic peptides representing the N-terminal extension of AgB1 exhibit higher diagnostic sensitivity and specificity than the native AgB (González-Sapienza et al., 2000) . Recent immunological studies with peptides derived from this region have determined that the stretch EVKYFFER contains the contact residues of epitopes defined by monoclonal antibodies directed against the N-terminal portion of AgB1 (González-Sapienza and Cachau, 2003) . The authors predict that the stretch corresponds to an alpha helix, where the mapped contact residues are brought together in the protein polar side.
At the nucleotide level, a huge amount of AgB diversity has been found. Our earlier studies of E. granulosus population genetic variability using AgB1 as a marker indicated an excess of nonsynonymous over synonymous substitutions, when comparing sequences derived from different strains (Haag et al., 1998) . Because E. granulosus strains are frequently adapted to a particular intermediate host species, it was reasoned that the AgB1 polymorphisms should have been positively selected. However, even within a single E. granulosus metacestode, several slightly different sequences for a single gene have been found (Arend et al., 2004) . Considering that during development the metacestode should be faced with heterogeneous selective pressures exerted by the host, and that some mutations could originate during the process of metacestode growing and protoscolex formation, we have searched for positive selection based on the nucleotide diversity found among three individual E. granulosus protoscoleces isolated from the same metacestode . We have shown that the C-terminal region of a putatively new gene (AgB5) has a significantly high ratio of polymorphisms to fixed differences, which could be indicative of balancing selection. We also showed that neutrality is rejected for AgB2 variants taken from the same cyst, but there was no evidence of adaptive evolution for the other three already characterized AgB genes. In the present study we apply codon-based evolutionary models to search for positively selected amino acids using a large set of AgB nucleotide sequences derived from distinct Echinococcus species and strains.
Materials and methods

PCR, cloning and sequencing
We amplified AgB genes from E. granulosus (cervid strain), Echinococcus multilocularis, E. oligrarthrus and Echinococcus vogeli by PCR using the primer sequences and procedures previously described . All amplicons were purified from solutions (Qiagen) and 1 ml of each purified amplification product was cloned in a TOPO TA vector for sequencing (Invitrogen). The recombinant plasmids from 10 colonies per transformation were purified with columns (Qiagen) and automatically sequenced using M13 (-20) forward and M13 reverse primers (Invitrogen). Both strands were sequenced for every recombinant plasmid. We used the program Electropherogram Quality Analysis (available at http://bioinformatica.ucb.br/electro.html) to read and evaluate the quality of our sequences. This information was used as a measure of confidence for correcting sequencing errors detected by comparing the electropherograms from both strands.
Phylogeny reconstruction
In addition to the sequences obtained by ourselves, we made an exhaustive GenBank database search, ending up with a total of 105 AgB sequences. These sequences were selected based on their distinctiveness in exon II, which encodes the secreted protein. The exon II sequences were aligned with the Clustal X program (Thompson et al., 1997) . The alignment was adjusted by visual inspection and used for phylogenetic analysis with PAUP 4.0. We made a heuristic search of the best phylogeny using the SPR branch-swapping algorithm and likelihood as an optimality criterion, based on the HKY 85+G model, with parameters estimated from the data. Substitution rate variation was assumed to be gamma distributed, with a = 0.5585.
Searching for positive selection
For positive selection analyses we excluded the GenBank sequences derived from ESTs, which are single-reads, sequences differing only by deletions/insertions and sequences containing premature stop codons or gaps which could lead to non-functional protein products. The analyses were performed for each AgB subunit separately, using an underlying phylogenetic tree specific for each group of sequences (with n sequences equal to 16 for AgB1, 23 for AgB2, 16 for AgB3 and 21 for AgB4).
Positively selected codons are inferred when v, the ratio of dN (rate of nonsynonymous substitution) to dS (rate of synonymous substitution) in individual sites, is greater than one. We used three distinct approaches to infer v: the empirical Bayes, the fixed effects likelihood (FEL) and the random effects likelihood (REL), relying only on those positively selected sites inferred by all three methods.
Empirical Bayes
The PAML (Yang, 1997) package was used for fitting distinct models of codon substitution on phylogenetic trees by maximum likelihood (Nielsen and Yang, 1998; Yang et al., 2000) , with the incorporation of heterogeneous v ratios among amino acid sites, and then using a Bayes approach to infer which sites are under selection.
Presence of positive selection, i.e., dN/dS greater than one (v > 1) was tested by fitting the following models on each of four B antigen genealogies: single-rate (M0), neutral (M1), selection (M2), discrete (M3), beta (M7) and beta&W (M8). Briefly, M0 assumes only one v value for all sites, M1 assumes 0 = 0 and 1 = 1 in different proportions ( p 0 and p 1 ), M2 adds a new category of codons (v 2 , with p 2 ) to the previous model which can assume values greater than 1, M3 classifies sites in K discrete classes (K = 8, in our case), with both the v ratios and frequencies estimated from the data. M7 assumes 10 codon categories with v values following a beta distribution, within an interval from 0 to 1, not allowing for positive selection. Model M8 adds a single discrete class to the beta distribution, to account for sites under positive selection (v > 1).
A likelihood ratio test (LRT) was used to compare the log likelihoods of M0 versus M2 (with 2 d.f.), M0 versus M3 (with 4 d.f.), M1 versus M2 (with 2 d.f.), M1 versus M3 (with 4 d.f.), M2 versus M3 (with 3 d.f.) and nd M7 versus M8 (with 2 d.f.), where the number of degrees of freedom is determined by the number of free parameters estimated by each model. The LRT can be applied to nested models. In this regard, M2 and M3 nest M0 and M1, M2 is nested in M3 and M7 is nested in M8. The rejection of M0 and M1 by M2 (with v > 1) is the most conservative indication of positive selection. However, testing for M3 and M8 (i.e., when M3 rejects M1 or M2 and M8 rejects M7) provides further support for the detection of individual sites. Individual positively selected sites are identified using the Bayes formula, when the posterior probability of v > 1 is higher than 0.95.
FEL and REL
Initial phylogeny estimation is performed with the neighborjoining method using the Tamura-Nei distance, and an iterative process is used to find the best fitting nucleotide evolutionary model in parallel with the best tree reconstruction for each gene. The final tree is used to infer the ancestral states, based on the codon model developed by Muse and Gaut (1994) .
Searching for positively selected sites using FEL involves fitting substitution rates on a site-by-site basis (Pond and Frost, 2005) . It has an advantage over the empirical Bayes approach, in that it does allow variable synonymous substitution rates as well as variable nonsynonymous substitution rates, but it requires the computation of a much higher number of parameters. FEL is based in a model proposed by Suzuki (2004a) , in which the ratio dN/dS is estimated for each codon using maximum likelihood, and a LRT is used to test whether this ratio is significantly different from 1. Amino acid sites are considered as positively selected when p in the LRT is smaller than 0.05 REL relies on a more general underlying nucleotide substitution model, which is similar to the M3 model of Yang et al. (2000) . However, since it allows rate variation in both synonymous and nonsynonymous sites, it seems to lead to a reduced number of type I (false positive) errors, when compared to M3 (Pond and Frost, 2005) . Amino acid sites are considered as positively selected when the posterior probability of v > 1 is higher than 0.95. We use the FEL and REL analysis available at http://www.datamonkey.org.
Results
Phylogeny of AgB genes
The phylogenetic relationship among the 105 AgB exon II sequences is shown in Fig. 1 .
We use the GenBank accession number to identify sequences obtained via database search. The nucleotide sequences identified with a letter followed by a number are the alleles found in our previous study of E. granulosus AgB variation , which were obtained from only three protoscoleces from a single metacestode; those shown in bold letters are sequences obtained in the present study. A list of GenBank accession numbers and designations for all sequences and their corresponding species/strains is shown in Appendix A. Sequences are separated into four main clades, connected by long branches, which correspond to the already described AgB1, AgB2, AgB3 and AgB4 subunits. The AgB3 clade also contains alleles from an AgB isoform which was previously suggested to correspond to a fifth AgB subunit, AgB5 , but there is not yet evidence that the AgB5 genes are functional. Interestingly, all E. granulosus cervid strain and Echinococcus oligarthrus sequences from the AgB3 clade are clustered with the AgB5 (Q) alleles, and not with those corresponding to the already known E. granulosus AgB3 subunit (R alleles). The four major clades contain sequences from each of the four recognized Echinococcus species E. granulosus, E. multilocularis, E. oligarthrus and E. vogeli, with the exception of the AgB2 clade, which does not include any E. vogeli sequence.
Diversifying evolution in the AgB gene family
Our analyses indicate that three of the four AgB genes are evolving by positive selection. Except for AgB2, where the highest log likelihood is obtained with the single-rate model (M0), the AgB sequence data fit better the discrete model (M3), which allows positive selection (Table 1) . Indeed, evolutionary models accounting for positive selection also perform better than the neutral models in the LRT for AgB1, AgB3 and AgB4. The average dN/dS ratios calculated with the empirical Bayes, FEL and REL methods for AgB genes are shown in Tables 2 and 3. The highest mean dN/dS is obtained for AgB4 with all Fig. 1 . Maximum likelihood phylogenetic tree inferred from 27 AgB nucleotide sequences obtained in the present study (shown in bold letters), 29 sequences derived from three protoscoleces from a single E. granulosus metacestode (shown with a letter followed by a number) and 49 sequences sampled from GenBank shown by their respective accession numbers (see Appendix A for sequence details). Sequences are separated in four main groups, corresponding to subunits AgB1, AgB2, AgB3 (which does not clearly separate from AgB5) and AgB4. The long internal branch connecting AgB1-AgB3/AgB5 to AgB2-AgB4 clades has been shortened for convenience. methods. AgB1 and AgB3 sequences lead to similar results with regard to positive selection. The LRT between M0 and M2 suggests diversifying evolution ( p < 0.05 for AgB1 and p < 0.01 for AgB3), but the difference between M7 and M8 is not statistically significant. AgB2 has the lowest dN/dS ratio, and does not exhibit positive selection according to any of the three methods.
Since the methods differ considerably in detecting codons under selection pressure, only those sites inferred to be selected by all three methods are indicated in the protein alignments of Figs. 2 and 3 . We plotted the site-by-site differences between dN and dS (dN À dS, estimated using the REL approach in the same figures) to manifest how the positive and/or negative selection pressures are distributed along the protein sites. The N-terminal region from the AgB1 and AgB3 subunits includes de highest dN À dS. The site-by-site dN À dS differences of AgB2 are generally negative and close to zero, in contrast with AgB4, which has quite variable differences, with higher values in the carboxy-terminal end and the lowest values in the Nterminal end. Indeed, the basic amino acid arginine at site 13 of AgB4 corresponds to a dN À dS ''valley'' (see Fig. 3 ) and appears as a negative selected site by both FEL and REL ( p < 0.01, in the LRT of FEL, data not shown).
Codon 18 of AgB1 is under positive selection ( Fig. 2A ). In the sequences included in our sample it always encodes a hydrophobic amino acid, valine, alanine or metionine, but one E. granulosus sequence (Z263366, see Appendix A for details) encodes arginine, a basic amino acid, in this particular site. In the N-terminal end of AgB3 a repeated motif encoding aspartic and glutamic acids is positively selected (Fig. 2B) . In site 3, the repeated motif is interrupted either by a cystein or an arginine in the E. granulosus Q alleles, or by a glycine, in E. multilocularis. Both AgB2 and AgB4 contain repeated stretches of the two acidic amino acids, but in their COH-terminal ends (see Fig. 3 ). The number of these repeated aspartic and glutamic amino acids is highly polymorphic in AgB4, which could be due to positive selection, although this conclusion is not statistically supported by all three methods.
Discussion
History of AgB genes
Our results confirm that the Echinococcus AgB gene family includes four major groups of genes, originated from duplication events which occurred in the early evolution of the genus. The long internal branch separating the AgB1/AgB3/ AgB5 clade from AgB2/AgB4 clade clearly suggests that the first duplication event occurred before Echinococcus speciation. In our experiments, we did not find an AgB2-homolog clone for E. vogeli, but our failure in isolating clones belonging to a particular AgB clade could be due to experimental bias. It is reasonable to assume that the other two duplication events, leading to the four AgB subunits, also preceded Echinococcus speciation.
Within each major AgB clade, the sequences do not cluster following a distinct taxonomic pattern. For example, the E. oligarthrus AgB2 sequences are closely related to an E. 11, 15, 18, 21, 26, 31, 32, 33, 34, 36, 43, 44, 46, 49, 51, 53, 54, 56, 57, 59, 60, 61, 64, 65 v 0-2 = 0.000 0.350 9, 10, 12, 16, 18, 21, 24, 29, 30, 32, 34, 40, 46, 49, 50, 61, 62, 64, 65, 70, 71, 72 v 0-2 = 0.0000 0.489 v 3 = 5.483 0.511 v 4 = 8.492 0.000 v 5 = 8.964 0.000 v 6 = 11.328 0.000 v 7 = 13.268 0.000
The dN/dS ratios and their frequency along the four AgB genes correspond to model M3. a Models M3 and M8 detect the same set of positively selected sites.
granulosus camel strain variant, in a clade well separated from all other E. granulosus AgB2 sequences. One explanation for this finding is that E. granulosus strains are quasi-species. Indeed, the genus has been a theme of an endless taxonomical debate, and there is evidence that a revision is called for (Thompson and McManus, 2002) . Another possible explanation, which we consider in the present paper, is that AgB genes are subject to strong natural selection. Heterogeneous selective pressures in different directions on distinct protein sites, probably exerted by the host, could lead to a complex pattern of 435 9, 10, 16, 21, 24, 29, 30, 32, 34, 40, 46, 50, 62, 64, 65, 70, 71, 72 13 Fig. 2 . Alignment of the deduced amino acid sequences of AgB1 (A) and AgB3 (B) used for positive selection analyses (see Appendix A for sequence details). Positive selected sites identified by the three methods of analyses are indicated with a black arrow and the site-by-site dN À dS differences calculated by REL are plotted on top of the alignment.
evolution. Moreover, it seems that these genes evolve quite rapidly. Our primers do not amplify any AgB homolog in other Cestode species, and the low-molecular weight antigens with similar structures characterized for these groups do not show enough similarity with AgB for obtaining reliable sequence alignments.
In our previous work, we suggested that AgB5 encodes a distinct AgB subunit , but the present phylogenetic analyses do not discriminate between isoforms AgB3 and AgB5. We already know that AgB3 is tandemly repeated in the E. granulosus genome (unpublished data), and we have previously suggested that AgB5 could be involved in gene conversion mechanisms . We, therefore, suggest that non-homologous recombination may have homogenized the nucleotide sequences of the redundant copies of those genes, yielding a poor phylogenetic resolution in this particular branch.
Is the effect of natural selection on AgB statistically supported?
Likelihood methods have been widely used to study positive selection over the past few years, although their accuracy in detecting sites under selection on a coding sequence has been questioned (Suzuki and Nei, 2004; Zhang, 2004) . It has been argued that the likelihood approach is too sensitive to assumption violations, and false positives (type I errors) can easily arise in these circumstances. One potential source of error is recombination, given that no unique tree topology can satisfactorily account for the evolution of the sequences. By simulation, Anisimova et al. (2003) concluded that with more than three recombination events in a set of 10 sequences, the LRT can yield false positives of positive selection, although recombination affects less the identification of individual sites under positive selection by the empirical Bayes approach. We do not know to which extent recombination may have impacted our data. The minimum number of recombination events (Hudson and Kaplan, 1985) estimated from our datasets is 3 for AgB1 (n = 16), 2 for AgB2 (n = 23), 7 for AgB3 (n = 16) and 4 for AgB4 (n = 21), indicating that, at least for AgB3, our conclusion of positive selection might have been confounded by recombination. We have followed the recommendations of Anisimova et al. (2002) for greater accuracy and power in the Bayes approach for detecting positive selected sites, trying to include sequences from several different evolutionary lineages and analyzing different models of evolution. Furthermore, we have used two other likelihood-based methods to detect codons under selective pressure (FEL and REL); our conclusions are conservative in relying only on positively selected codons identified by all three methods. We are aware that the evolutionary models tested by maximum likelihood, or any other model, are always simplistic, and therefore, unrealistic, but this does not invalidate our results.
Implications and future prospects
Finding positively selected amino acids in a parasite antigen is not, in itself, a novelty. Parasite versus host relationships include well-known examples of diversifying selection. But our findings have two main implications. First, discovering how the selective pressures are distributed among the distinct AgB subunits, and distinct sites within the protein, helps to understand the functional roles of AgB. Although site 70 in AgB2 appears to be positively selected under the M3 and M8 models (Table 2) , our analyses indicate that the gene evolves neutrally, because these models do not perform better than the neutral ones in the LRT. On the other hand, AgB4, which is phylogenetically related to AgB2, and highly polymorphic, has a complex pattern of evolution, with both positive and negative selection pressures occurring along the same molecule. Indeed, some preliminary studies of quantification of AgB gene expression in E. multilocularis indicate that AgB2 is down regulated, while AgB4 is highly expressed in metacestodes (unpublished data). Moreover, while searching for AgB sequences in the Echinococcus EST data libraries, we found only one AgB2 isoform and several AgB4 sequences. Thus, the distinct evolutionary patterns of these genes might be a consequence of their regulation and, finally, implies distinct functional roles for AgB2 and AgB4, which deserve further investigation. As an initial guess, it could be inferred that AgB subunits or protein sites involved with the binding of hydrophobic compounds should underlie purifying selection, while those communicating with the host immune system should be positively selected. As a multifunctional protein, AgB offers a rich field for biochemical investigation.
The present results are not in contradiction with our previous rejection of neutrality for AgB2 , where we used sequences derived from a single cyst) for two reasons. First, neutrality rejection by the tests does not always imply positive selection, because other factors can yield the same result. For example, adaptive sweeps as well as population expansions can lead to significant and negative values of Tajima's D (Escalante et al., 2004) . Second, since in the previous work all AgB2 sequences came from protoscoleces originated inside the same metacestode, they told us a different evolutionary story. Those sequences are only informative about processes occurring during the development of a single cyst and do not contain any information about adaptive processes related to the interaction with distinct host individuals/species.
A second implication of our findings relates to the fact that AgB is widely used as a tool for diagnostic tests. Recombinant proteins/peptides derived from distinct AgB subunits are being evaluated for serology, due to their high immune reactivity. Our finding of a positively selected amino acid in AgB1 (site 18 in the N-terminal region) is consistent with empirical studies, since it corresponds to one of the monoclonal antibody-contact residues mapped by González-Sapienza and Cachau (2003) . Furthermore, our results show that the N-terminal AgB1 region includes sites with the largest dN/dS differences (see Fig. 2 ) and corresponds to a peptide with higher diagnostic potential than the protein from which it is derived (González-Sapienza et al., 2000) . Positive selection is also inferred for sites in the Nterminal end of AgB3 and the carboxy-terminal end of AgB4, but since both contain variably repeated amino acids, it is possible that recombination in the respective genes has been mistakenly interpreted as positive selection. Repeated motifs generate conditions for mispairing, and polymorphism in repeated motifs can be generated by unequal crossing over. Further studies should be performed to better understand whether these sites indeed correspond to epitopes.
The recombinant AgB2 is one of the antigens with best performance in immunodiagnostics (Rott et al., 2000; Virginio et al., 2003) , showing high sensitivity and specificity, which is somehow surprising in face of our results. If patients produce a strong immune response against AgB2, we would expect it to be positively selected, but the indications of positive selection acting on this subunit are weak. However, since AgB2 shows an overall 70% amino acid identity with AgB4, it is possible that the signal detected in ELISA experiments is derived from an epitope shared between both proteins. Following a recent theoretical analysis made by Suzuki (2004b) , which shows that the neutralization epitopes of poliovirus surface proteins always contain negative selected sites, we suggest that a combination of empirical studies of AgB epitope mapping and serology, and theoretical analyses of positive/negative selection on these epitopes could maximize the sensitivity and specificity of immunodiagnostic tests.
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